Polyphenoloxidase (PPO) from prawns (Penaeus vannamei) was purified by ammonium sulphate precipitation, ion-exchange column, and gel filtration chromatography. The specific activity of PPO increased by 9.51 fold to 575.03 U/mg, and the molecular weight of PPO was 66 kDa. The optimal temperature and pH were around 45°C and 6.8, determined by L-β-(3,4dihydroxylphenyl) alanine (L-DOPA) as substrate. K m and V max values were found to be 2.5 mM and 0.062ΔA/min. The effect of thermal treatment on the activity, conformation, and microstructure of the PPO was investigated. Thermal stability of PPO was measured at 40°C, 50°C, 60°C, 70°C, and 80°C, and the half-life values of PPO were 105, 39.6, 13.4, 8.9, and 3.1 min, respectively. PPO activity slightly decreased at 60°C, while the relative enzyme activity remained 9.4% after 80°C for 10 min. The result of differential scanning calorimetry showed that the denatured temperature of PPO was 65°C. Thermal treatment resulted in the changes in the tertiary structure of PPO, and the λ max of fluorescence spectra was red-shifted with decreasing intensity. Curve-fitting analysis showed that α-helix and β-sheet decreased, but β-turns and random coil increased with increased temperature. Atomic force microscopy revealed that PPO molecules aggregated remarkably at 60°C. Moreover, the formation of large globular aggregates occurred as the temperature increased.
Introduction
Prawns are eaten regularly in Asia and are also one of the most important aquatic products consumed in many countries all over the world due to their delicacy and nutritional values. [1] Shrimp are highly perishable with short shelf-life, mainly caused by melanosis (black spots or other discolouration) and microbial spoilage. [2] Although melanosis seems harmless to consumers, it drastically reduces the product's commercial value by negatively impacting its acceptability to consumers and, hence, causes considerable money loss. [3] Most researchers found that melanosis was triggered by a special enzyme, which could oxidise phenols to quinines. [4] The quinones are highly reactive organic compounds involved in various reaction pathways. They are strong electrophiles which may suffer nucleophilic attacked by other polyphenols, amino acids, or proteins to produce a dark-brown or black pigment. [5] This browning reaction does not stop until all enzymes are inactivated. [6] Such oxidation is mainly caused by polyphenoloxidase (PPO; EC 1.14.18.1), and thus, many studies have focused on inhibiting the activity of PPO during food processing in order to prevent browning. [7, 8] A lot of methods have been used to the inhibition of PPO from Pacific white shrimp. Basiri found that pomegranate peels extracts could inhibit the PPO of Pacific white shrimp during iced storage. [9] Catechin and ferulic acid showed strong inhibitory effect on the PPO from cephalothorax of Pacific white shrimp. [10] Manheem reported that PPO of Pacific white shrimp was quite stable when heated at temperature lower than 80°C, and the activities of enzymes decreased with increasing pre-cooking time. [11] Thermal treatment is the most widely used technique in the food industry for inactivation of quality-reducing enzymes. Ndiaye found that PPO in mango slices was inhibited by steam. [12] Schweiggert reported that PPO of chili powder was completely inactivated by heating at 80°C for 10 min. [13] Some researchers have studied the inactivation of PPO under thermal treatment [14, 15] , and most of them mainly focused on simple kinetic approaches. However, there is little work about the purification of PPO from Pacific white shrimp and the changes about the conformation and microstructural changes of PPO under thermal treatment. Spectroscopy is an effective way to study the conformation of the protein and its microscopic characteristics. [16] In this study, PPO from Penaeus vannamei was purified and characterised in terms of optimum pH and temperature. Thermal stability of the enzyme, along with the secondary and tertiary structural characteristics induced by thermal inactivation, was determined in an effort to explore the mechanism of thermal inactivation of PPO from Penaeus vannamei.
Materials and methods
Chemicals L-β-(3,4-dihydroxylphenyl) alanine (L-DOPA), Brij-35, bovine serum albumin (BSA), Hydroxymethyl aminomethane (Tris), glycine, sodium dodecyl sulphate (SDS), N,N,N',N'-tetramethyl-ethylenediamine (TEMED), acrylamide, methylene bis-acrylamide, and ammonium persulphate were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Sephadex G-100 and DEAE Sepharose Fast Flow column materials were purchased from GE Healthcare (Shanghai, China). Coomassie brilliant blue G-250 and Coomassie brilliant blue R-250 were purchased from Amresco (Beijing, China). All other chemicals used were of analytical grade.
Sample preparation
Prawns (Penaeus vannamei) with an average weight of 15 ± 2 g were purchased from the local seafood market (Jinzhou, China). The shrimp were transported to the laboratory in 0.5 h. The carapace was removed from the cephalothorax. Twenty cephalothoraxes for each sample were separated, frozen using liquid nitrogen, and ground to a fine powder. The powder was then vacuum-packed and stored at −80°C for enzyme extraction.
Extraction and purification of PPO enzyme
Extraction and purification of the enzyme were done at 4°C according to the method of Nirmal and Benjakul with slight modifications. [10] Cephalothoraxes powder (100 g) was mixed with 400 mL of 0.067 M phosphate buffer (pH 7.2, containing 0.1% Brij-35). The mixture was stirred continuously at 4°C for 2 h, filtered through six layers of cheeseclot, and then centrifuged at 11363 g for 20 min at 4°C. The obtained supernatant was filtered through Whatman No.1 filter paper and used as the crude extract.
The crude extract was precipitated by gradient ammonium sulphate solutions, beginning with 10% concentration and increased to 20% and finally up to 90% to find the proper saturation point. The precipitate was collected by centrifugation at 11363 g for 20 min at 4°C, and the recovered solid, partially purified enzyme was dissolved in a minimum volume of 0.067 M phosphate buffer (pH 7.2) and dialyzed at 4°C with 50 volumes of the buffer with four changes during 16 h.
The obtained fractions with high activity were isolated by DEAE Sepharose Fast Flow ionexchange column chromatography. The enzyme (12 mL) was loaded onto the column (1.6 × 20 cm), which was pre-equilibrated with 0.02 M phosphate buffer (pH 7.2). The elution of PPO was performed with increasing NaCl concentrations (0-0.6 M) in 420 mL of 0.02 M sodium phosphate buffer (pH 7.2) at a flow rate of 1 mL /min. [17] The fractions were tested for enzyme activity; the fraction with the highest enzymatic activity was collected and concentrated in 10 kDa cutoff dialysis tubes. Enzyme fraction was transferred to a column (1.6 × 75 cm) filled with Sephadex G-100 gel and equilibrated with 0.067 M phosphate buffer (pH 7.2). The enzyme was eluted with the equilibration buffer by a peristaltic pump at a flow rate of 18 mL/h. The fractions were tested for enzyme activity; the fractions with higher activity were collected and concentrated and then were stored in small aliquots at −80°C for further analysis.
Denaturing SDS-PAGE and native-page
The protein samples for native and SDS-PAGE were prepared, electrophoresed, and visualised as described by Davis [18] and Laemmli. [19] For SDS-PAGE, the concentration of the separating gel was 10%, and the stacking gel was 4%. Proteins were stained with Coomassie Brilliant Blue R-250. Molecular weight was estimated by comparison to the molecular weight markers (RuiTaibio, Beijing, China). For Native-PAGE, the procedure was the same as SDS-PAGE, but the protein markers were obtained from GE Healthcare (Beijing, China). The substrate staining of the gel was performed with L-DOPA (0.02 M) substrate in phosphate buffer (pH 6.8, 0.067 M) for up to 40 min at 45°C until the bands became prominent.
Protein determination
Protein concentrations of the extracts obtained after each step of the PPO fractionation procedure were determined by Coomassie Brilliant Blue G-250 dye-binding using bovine serum albumin as the standard. [20] Measurement of PPO activity PPO activity was determined by measuring the initial rate of quinone formation, as indicated by an increase in absorbance at 470 nm using a UV-2550 spectrophotometer (Shimadzu, Japan) and L-DOPA as a substrate. [21, 22] The reaction mixture contained 1.8 mL of 0.02 M L-DOPA solution (0.067 M phosphate buffer, pH 6.8), 0.4 mL of PPO (containing 0.8% SDS), and 1.8 mL of 0.067 M phosphate buffer (pH 6.8). The blank sample contained 1.8 mL of substrate solution and 2 mL of phosphate buffer (pH 6.8). The reaction mixture was incubated at 45°C for 3 min in water bath (DK-8D, BluePard Instruments Co., Ltd, Shanghai, China), then immediately placed in the spectrophotometer, and measured every 5 s for 8 min at room temperature (25 ± 1°C). PPO activity was assayed in triplicate. One enzyme activity unit (U) was defined as an increase of 0.001 units of absorbance per minute per mL of enzyme. Relative activity was expressed as (A/A max ) × 100, where A is the increment in optical density per minute. Residual activity was expressed as (A t /A 0 ) ×100, where A t is the enzyme activity after thermal treatment and A 0 is the enzyme activity before thermal treatment.
Effect of temperature and pH on PPO activity
To determine the optimum temperature for the enzyme reaction, reactivity of the partially PPO was observed over a period of 3 min through temperatures ranging from 25 to 70°C (in 5°C increments) at pH 6.8 by measuring specific activity as described above. The substrate solution was heated to the appropriate temperature, and the enzyme was added. PPO activity was calculated in the form of percent relative PPO activity at the optimum temperature. [23] Analyses were performed in triplicate.
The optimum pH range of the PPO was investigated by measuring its activity at 40°C with pH values ranging from 4.4 to 9.2 and with buffer at 0.05 M concentration. Acetate buffer was used for pH 4.4-5.6, phosphate buffer for pH 6-8.4 , and glycine-NaOH buffer solution for pH 8.8-9.2. The value corresponding to the highest enzyme activity was taken as the optimal pH. PPO activity was calculated in the form of percent relative PPO activity at the optimum pH. [24, 25] Analyses were performed in triplicate.
Enzyme kinetics
The kinetic parameters were measured at pH 6.8 and 45°C. To determine Michaelis constant (K m ) and maximum velocity (V max ), PPO activities were measured using L-DOPA as substrate at various concentrations (2.5, 5, 7.5, 10, 12.5, and 15 mM). K m and V max were calculated from a plot of 1/V vs. 1/S by the method of Lineweaver-Burk.
Thermal treatment of PPO
Thermal treatment of PPO was performed in the range of 40-80°C (in intervals of 10°C) for 0, 10, 20, 30, 40, and 50 min, respectively. After heat treatment, the samples were cooled in an ice-bath to stop further thermal inactivation, and the residual enzyme activity was assayed. Determination of PPO activity was performed using the standard assay conditions as described above. All experiments and measurements were repeated in triplicate.
First order inactivation constant (k) was calculated from the slope of the natural logarithm (ln) of A t /A 0 vs. time graph, where A t is the enzyme activity after thermal treatment and A 0 is the enzyme activity before thermal treatment. The half-life of the enzyme (t 1/2 ) was calculated by using the following equation: t 1/2 = 0.693/k. The decimal reduction time (D value) is the time, at a given temperature and pressure, needed for 90% reduction of the initial activity. Decimal reduction time (D value) was determined from the relationship between k and D value: D = ln(10)/k. The Z value, which is the temperature increase required for a 1 log 10 reduction in D value, was estimated from a plot of log 10 D vs. temperature. The slope of the graph is equal to 1/Z value. [26, 27] 
Differential scanning calorimetry (DSC) determination of PPO
The denatured temperature of purified PPO was determined using a Netzsch 204 F1 DSC (Netzsch, Selb, Germany). Five mg of lyophilised PPO were put into the sample pool. The measured conditions were as follows: the sweep temperature: 25-140°C; the heating rate: 2°C min −1 ; N 2 : 20 mL min −1 . The denatured temperature is defined as the temperature for the peak.
Fluorescence spectroscopy experiments
Intrinsic fluorescence measurements of native and thermally treated enzyme were performed using a 970CRT Fluorescence spectrophotometer (Jingke Scientific Instrument Co., Ltd, Shanghai, China) with a quartz cell of 10 mm path length. Samples were scanned at ambient temperature (25 ± 1°C). Thermal treatment of PPO was performed at temperatures in the range of 40-80°C (intervals of 10°C ) for 10 min. The samples were cooled in an ice-bath immediately after heat treatment to stop further thermal inactivation. The PPO (0.05 mg /mL) were prepared using a 0.067 M phosphate buffer (pH 7.2). PPO were measured at 350 nm emission wavelength to obtain the maximum excitation wavelength and then scanned at the maximum excitation wavelength to record the emission spectra. The excitation spectrum was λ ex : 287 nm and λ em : 300-410 nm.
Fourier transform infrared (FTIR) spectroscopy
To determine the conformational change of PPO after the thermal inactivation, the secondary structure of the enzyme was analysed using a Scimitar 2000 Near FTIR Spectrometer (Agilent Technologies Inc., Palo Alto, CA, USA). Infrared spectra were collected using thermal treatment of PPO, performed at varying temperatures in the range of 40-80°C (intervals of 10°C) for 10 min. After the heat treatment, the samples were cooled in an ice-bath to stop further thermal inactivation; then they were lyophilised and ground into the enzyme powder. After tableting enzyme samples using FTIR at 16 cm −1 resolution in the 400 cm −1 , 4000 cm −1 scans were taken. Analyses of spectra and data manipulations were carried out using Peak Fitv4.12 software. After analysing the wave spectrogram of amide III and making the curve fitting residual error r 2 ≥ 0.99, the secondary structure of PPO was studied.
Atomic force microscopy analysis
Samples were imaged with an atomic force microscope (AFM)(XE-70 AFM Park Systems, Suwan, Korea) according to the description previously mrentioned with some modifications. [28, 29] The protein solutions (0.06 mg /mL) were prepared using a 0.067 M phosphate buffer (pH 7.2). Then 5 μL PPO solutions were uniformly dropped on a freshly cleaved flat mica surface and subsequently dried in a desiccator. The scan size was 5 μm. Images were processed and analysed with XEI software.
Statistical analysis
The experiments were performed in triplicate. The values are expressed as means ± standard deviations. One-way ANOVA (at the level of significance P < 0.05) was performed to ascertain the significance of the means. Statistical analysis was performed using the SPSS 19.0 programme.
Results and discussion
Purification of PPO Enzyme activity of precipitates in the gradient saturated ammonium sulphate solutions was determined ( Figure 1A) . The highest PPO activity was observed in the fraction (50%), which was chosen for further purification. The above fraction was dialysed using a 10 kDa dialysis membrane and applied to DEAE-Sepharose Fast Flow ion-exchange column chromatography. Six protein peaks were obtained after the elution of PPO from the DEAE column ( Figure 1B) . Fractions 43-56 and 57-65 with higher PPO enzyme activity were eluted with 0.3 and 0.4 M NaCl. The PPO was not collected after elution by 0.3 M NaCl due to the high protein content and low specific activity. The most active fractions 57-65 were combined, pooled, concentrated, and applied to Sephadex G-100 gel filtration chromatography. Two protein peaks were eluted ( Figure 1C ). The first peak represented a protein with high molecular weight and enzyme activity, while the second one had low molecular weight and no enzyme activity. Thus, fractions 18-26 were collected with higher enzymatic activity on L-DOPA.
With the purification steps, the PPO mass decreased, but the specific activity increased. The characteristics of the PPO purified were given in Table 1 . There was a 2.83-fold purification rate after ammonium sulphate precipitation. Following DEAE-Sepharose chromatography, the specific activity of PPO increased to 8.55 fold with a specific activity of 517.24 U/mg protein. The specific activity of PPO increased to 9.51 fold with a specific activity of 575.03 U/mg protein after a gel filtration chromatography. This significant increase in purity is attributed to the removal for most of the other proteins with low molecular weight after gel filtration chromatography from the crude extract. For example, the betalain pigments affecting the measurement of PPO activity were completely removed. The obtained enzyme was used for the further study.
The purified PPO enzyme had one protein subunit band at 66 kDa on SDS-PAGE ( Figure 1D ). A single band was detected by in-gel enzymatic activity staining with L-DOPA ( Figure 1E-lane2) on Native-PAGE, and the protein size was determined to be about 66 kDa by Coomassie R-250 staining ( Figure 1E-lane1 ). It can be seen by the SDS-PAGE and Native-PAGE that the obtained PPO was composed by one subunit and the purified PPO was a homogeneous protein, which could meet the request for studying the PPO activity and its structure. Qian et al. reported that PPO from the cephalothorax extracts of Pacific white shrimp had molecular weight about 160 kDa as determined by activity staining using catechol as substrate. [30] However, Nirmal et al. reported that PPO from the cephalothorax extracts of Pacific white shrimp had molecular weight about 210 kDa as determined by activity staining using L-DOPA as substrate. [2] Prophenoloxidase have been isolated and characterised from several crustaceans, the monomer has a mass of about 70-80 kDa, and after proteolytic activation, the active enzyme, PPO, has a mass of 60-70 kDa. [31] We found the molecular mass of PPO was 66 kDa, which indicated the existence of a variety of isozymes or enzyme molecules were polymerised in varying degrees.
Optimum pH and temperature
The pH can affect the enzyme stability and may induce the irreversible destruction. It can change the charge state of the substrate and enzyme molecules, thus affecting the combination of the enzyme and substrate. The activity of purified PPO from Prawns (Penaeus vannamei) was determined at different pH values ranging from 4.4 to 9.2 using L-DOPA as substrates (Figure 2A) . The optimal pH for L-DOPA was found to have a broad range of 6.4 to 7.6, with more than 90% of the highest activity occurring between these, and exhibiting the highest activity at pH 6.8. The results agreed with the previous work that studied purified PPO from the heads of white shrimp and found that the enzyme activity was highest between pH 6.5 and 7.5. [21] Most researchers have found that PPO of most crustaceans showed only an optimal pH within the pH 6-8 range. [32, 33] Temperature affects the velocity of enzymatic reactions and the stability of the enzyme. [34] The optimum temperature of purified PPO activity was determined at different temperatures using L-DOPA as substrates. As shown in Figure 2B , the enzyme was active in a wide range of temperatures (between 25°C and 55°C), and the optimum temperature of reaction was 45°C. This observation was in agreement with most research that found that the highest activity of crustacean PPO occurred in the range of 40-45°C. [32, 33, 35] 
Kinetic parameters
The K m for PPO of Penaeus vannamei was 2.5 mM using L-DOPA as substrate. The maximum reaction velocity (V max ) was found to be 0.062ΔA/min (Figure 3) . K m is a measure of affinity of the enzyme for the substrate, with smaller values representing greater affinity. The K m value in this study was comparable to Penaeus californiensis, of which the K m is 2.5 mM assay with L-DOPA. [36] Our results are in line with many studies reported K m for shrimps PPO ranging from 1.85 mM to 3.57 mM. [33, 37, 38] 
Thermal treatment of PPO
PPO is considered to be a thermo-instable enzyme, and the rate of enzyme activity loss increased as the temperature increased. The effects of heat treatments on PPO stability were investigated from 40°C to 80°C. As shown in Figure 4A , the enzyme activities decreased with increasing temperature and treatment time. At 40°C, enzyme activity of PPO decreased slightly. At 60°C, enzyme activity of PPO decreased significantly. After treating for 10 min and 30 min, the residual activity was 57.13% and 18.26%. When the temperature was raised to 80°C, the enzyme activity quickly decreased, and it retained 9.4% of its original activity after 10 min. Moreover, it was completely inactivated after 20 min ( Figure 4A ). As shown in Figure 4B , the denatured temperature for PPO was 65°C, which is consistent with the result for the rapid decrease of PPO activity at 60°C. Huang reported that the activity of PPO from Litopenaeus vannamei treated for 30 min at 60°C was only 38.89%. [26] Giménez also reported that PPO from Nephrops norvegicus remained 40% activity after treating at 60°C for 30 min. [39] These results suggested that PPO from shrimp was hard to be completely inactivated below 60°C.
Thermal inactivation of Penaeus vannamei PPO was studied in the range 40-80°C, and the inactivation parameters are summarised in Table 2 . The heat inactivation of the PPO followed first order kinetics. The inactivation constants (k values) increased with temperature increasing, indicating that PPO is less thermostable at higher temperatures. The half-life (t 1/2 ) is another important parameter used in the characterisation of enzyme stability. When the temperature increased from 40 to 80°C, there was a significant decrease of half-life values from 105 to 3.1 min. Similar changes were observed in D values of shrimp PPO, which decreased from 348.9 to 10.2 min at the temperatures studied ( Table 2 ). Z value for Penaeus vannamei PPO was calculated to be 27.03°C (r 2 = 0.9806). These results suggested that the PPO was more susceptible at higher temperature. This is in agreement with the previous study by Huang et al., which reported the D values of PPO from Litopenaeus vannamei were 70.19 min and 0.46 min at 60°C and 100°C, respectively. [26] The effects of thermal treatment on the tertiary structure of PPO
The changes in intrinsic fluorescence emission corresponded to the changes in the tertiary structure of PPO. [40] When the protein was excited at 280 nm, where both tryptophan and tyrosine residues were affected, the tertiary structure of the protein was reflected. [41] Intrinsic fluorescence spectra were used to monitor the tertiary conformation of PPO. The effects of thermal treatments (10 min at 40-80°C) on the fluorescence spectra of PPO are shown in Figure 5A . As the temperature increased, all samples subjected to thermal denaturation exhibited significant declines (P < 0.05) in fluorescence intensity. After treating at 80°C for 10 min, the fluorescence intensity declined from 226.5 to 101.5. After treating at 40, 50, 60, 70, and 80°C for 10 min, the wavelength of the fluorescence emission peak red-shifted from 338.1 nm to 338.2, 339.1, 342, 344.5, and 345.2 nm, respectively ( Figure 5B ). Red shifts of λ max were observed after the thermal treatment. Similarly, Liu et al. found a decrease of fluorescence intensity and a red shift in maximum emission wavelength, indicating that the activity of PPO in mushroom gradually decreased till an inactive state. [16] These results indicated that the tertiary structural of PPO gradually changed as the temperature increases. The red shift could indicate the variations in the three-dimensional structures (secondary, tertiary, and quaternary structures) or the conformation of the enzymes. [42] Effects of thermal treatment on the secondary structural of PPO Fourier transform infrared spectroscopy is becoming an increasingly important method to determine the secondary structures of peptides and proteins. Among the spectral regions rising out of coupled and uncoupled stretching and bending modes of amide bonds, amide I and amide III spectral bands were found to be the most sensitive to the variations in secondary structure folding. [43] Amide I was the most commonly used spectral band, primarily because of its strong signal, although it suffers from several limitations, including a strong interference from water vibrational band and overlap of revolved bands corresponding to various secondary structures. Because of the interference of water, α-helix and random coil are not far away from each other in amide I and, therefore, cannot be separated sometimes. In contrast, amide III's spectral region (1330-1220 cm −1 ), albeit relatively weak in signals, does not have the above limitations. Easily resolved and better defined amide III bands are quite suitable for quantitative analysis of protein secondary structure. [44] To determine the secondary structural changes during thermal treatment, curve-fitting analysis was applied to the Amide III region. Fourier self-deconvolution analysis revealed that the band located at 1330-1290 cm −1 was assigned to an α-helix structure. The peak located at 1295-1265 cm −1 was assigned to a β-turn structure. The band at 1250-1220 cm −1 was assigned to a β-sheet structure. The peak at 1270-1245 cm −1 was assigned to a random coil structure. [44] The FTIR patterns of the PPO enzymes treated at different temperature were shown in Figure 6 . The peak intensity of amide III band in treated PPO enzymes obviously increased compared to control. The intensity of amide III band was mainly caused by C-N stretching vibration and N-H bending vibration. The peak of PPO enzyme in this region was also significantly enhanced, but the peak position did not shift.
According to the curve-fitting analysis (r 2 ≥ 0.99), untreated PPO sample had 18.18% α-helix, 29.88% β-sheet, 21.15% β-turn, and 30.79% random coil. After heated at 40°C for 10 min, secondary structure did not change much, the α-helix content decreased to 16.22%, the β-turn content decreased to 20.81%, and β-sheet content decreased to 25.77%, whereas random coil increased up to 37.20% ( Table 3 ). These minor changes in the structure of PPO did not influence the interaction between PPO and substrate ( Figure 4A ). When thermal treatment was increased to 60°C, the α-helix content decreased to 14.05% and β-sheet content decreased to 12.18%, whereas β-turn and random coil increased to 33.06% and 40.71%, respectively. These structure changes inhibited the binding Figure 6 . FTIR spectra of purified PPO during the thermal treatments from 40 to 80°C for 10 min.
between PPO and substrate, resulted in a rapid decrease of PPO activity, and the residual enzyme activity was 57.13%. When PPO was treated at 80°C for 10 min, the α-helix and β-sheet content decreased to 11.82% and 13.54%, and the residual enzyme activity was 9.4% ( Figure 4A ).
Decker et al. [45] found that the activity centres of polyphenol oxidase in mushrooms have four αhelices and that these α-helices played a very important role in the enzymes activity. [16, 46] In this study, we found that the α-helix of PPO decreased as the temperature increased; meanwhile, the enzyme activity was decreased, which indicated that the activity of the PPO was related to the αhelix. The increase of random coil may be mainly due to the β-sheet changes, because the secondary structure of proteins β-sheet is maintained by the hydrogen bond. Hydrogen bonds broke up as the temperature increased, peptides chains were constantly open, and PPO changed from an ordered structure to a disordered structure, resulting in the reduced β-sheet and the increase of random coil. However, the βsheet structures are mainly located on the protein surface [47] , indicating that changes in the activity and thermodynamics might correlate to the unfolding of conformation in PPO.
Atomic force microscopy observation of PPO
AFM images of PPO during the heat treatment from 40°C to 80°C were shown in Figure 7 . The molecular groups of the untreated PPO had a mean diameter of 8.6 nm and an average height of 12 nm in the form of irregular, small flakes. PPO may take the form of a monomer, dimer, tetramer, or even connected together to be some large molecular groups in PPO solution. [28, 48] Accordingly, we observed the enzyme molecules aggregated partially to form some small particles of aggregates at 40°C. PPO maintained most of its activity, and the residual activity was 97.21% under this condition. After treating at 50°C for 10 min, molecular groups became deformed, and some small aggregates approached together. The obvious changes were detected when the temperature increased to 60°C. The molecular groups looked like ellipsoids and had a wide diameter range (21-75.58 nm), suggesting that PPO began to denature and aggregate, which was in agreement with the results of the denatured temperature in Figure 4B . In Figure 7 , the microstructures of PPO underwent enormous changes when the temperature increased to 70°C, and most of the small molecular groups were replaced by aggregates. PPO was denatured and tended to form aggregates, resulting in a strong inactivation effect. When the temperature increased to 80°C, the shape of the aggregates did not change, but the size of the globular aggregates increased and the activity decreased. These results indicated that thermal treatment induced the great changes in microstructure of PPO, and the aggregation of PPO might influence the contact between active site and the substrate.
Conclusion
PPO was extracted from prawns (Penaeus vannamei) and purified to obtain a 9.51-fold purification rate. The optimal condition for enzyme activity was determined using L-DOPA as the substrate, showing that its optimal temperature and pH were around 45°C and 6.8, respectively. K m and V max values were found to be 2.5 mM and 0.062ΔA/min, respectively. When the thermal Values are means ± standard deviation, and the small letters in the same column with the same letter are not significantly (p < 0.05).
treatment was less than 10 min at 40°C, the enzyme remained fully active. When the temperature increased to 60°C, PPO activity decreased remarkably. When the temperature was raised to 80°C, the enzyme retained less than 9.4% of its original activity after 10 min. The D values of heattreated PPO from Penaeus vannamei were 131.6 min and 44.6 min at 50°C and 60°C, respectively, and the D value decreased to 10.2 min at 80°C. Z value for the PPO was calculated to be 27.03°C. Thermal treatment resulted in the rearrangement of secondary structure and disruption of tertiary structure. A significant decrease in fluorescence intensity was recorded, indicating that thermal denaturation directly induced the tertiary structural changes of PPO. FTIR results revealed that the secondary structural changes in PPO resulted from thermal treatment. In addition, PPO molecules were deformed and inactivated at 60°C, while higher temperature induced the formation of large aggregates and the inactivation of PPO. Further studies could be carried out to clarify the inactivation mechanism of the PPO in food systems.
